Abstract Water renewals and renewal times of the Saguenay Fjord are investigated and classified according to their intrusion depth. Renewal dynamics are controlled by a shallow sill (20 m) at the fjord mouth, by large tides that are a distinguishing feature of the Saguenay Fjord and by large vertical mixing inside the inner basin (K 10 24 m 2 s 21 ). A mooring was deployed in the inner basin of the fjord to provide a clearer quantitative understanding of the complexity and seasonality of water renewals in this seasonally ice-covered fjord. The mooring provided information on currents over nearly the entire water column, along with temperature-salinity at a few discrete depths. Hydrographic temperature and salinity transects spanning multiple seasons and years as well as turbulence profiles were also collected. The observations show that the fjord dynamics are more complex than previously hypothesized, with large changes in renewal event depths leading to three different renewal regimes. Part of this renewal depth variability may be explained by the seasonality of the St. Lawrence estuarine circulation. Because of the large turbulence within the inner basin bottom layer, the density decreases over time such that new deep renewals can occur every year. The mechanisms behind the large vertical mixing cannot yet be clearly identified but a statistically significant correlation (K / N 21:3 ) suggests that internal wave breaking may be a significant contributor to deep turbulence mixing in the inner basin. The renewal time of the inner basin waters is estimated to be between 1 and 6 months.
1. Introduction 1.1. Saguenay Fjord Fjords are generally characterized by sills which can limit the exchanges between internal and external waters [Allen and Simpson, 1998 ]. The weak dynamics associated with some deep fjords may induce stagnation periods promoting low oxygen zones [Farmer and Freeland, 1983] . In other cases, such as in the Saguenay Fjord, energetic tides can regularly drive dense external waters over sills and into the basins. This generally produces strong turbulent mixing at sills that can ventilate the dense intruding waters with welloxygenated near surface waters [Farmer and Freeland, 1983] . The deep water renewals of such fjords are therefore generally well oxygenated. 
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which the intruding water will spread within the inner basin of the fjord [Geyer and Cannon, 1982; Farmer and Freeland, 1983] . Once the intrusion has passed the sill turbulence, mixing inside the basin further decreases its density, eventually permitting new deep renewal events to occur. This mixing can arise during renewal events from entrainment of resident water with the density-driven plume [Liungman et al., 2001; Arneborg et al., 2004a] , or in periods of stagnation, from vertical diffusion possibly induced by internal waves [Stigebrandt and Aure, 1989; Inall and Rippeth, 2002] . Seibert et al. [1979] hypothesized that the action of internal waves was responsible for the short replacement period in the outer basin of the Saguenay (1-3 days) [Therriault et al., 1984] . The total energy flux into the Saguenay is estimated to be 56 MW from the modeling work of Stacey and Gratton [2001] . Most of this energy is dissipated (bottom and sidewall friction account for 24 MW of dissipation, while the horizontal and vertical diffusion account for 17 MW of dissipation) and the residual goes into mixing in the outer basin (15 MW).
The Saguenay River is the most important tributary to the Saguenay Fjord and the second in importance to the St. Lawrence Estuary with a mean fresh water discharge of 1200 m 3 s 21 [B elanger, 2003 ]. The river outflow has been regulated by dams since 1926. The freshwater runoff induces a sharp halocline, often conveniently used to separate the two major water masses of the fjord, and to describe the fjord circulation as estuarine: a thin (5-10 m) brackish (S 10) surface layer and a compensating saltier (S 30) bottom layer [Drainville, 1968; Loucks and Smith-Sinclair, 1975; Therriault and Lacroix, 1975; Therriault et al., 1984] . However, in deep fjords, the estuarine circulation only affects the nearsurface circulation and does not drive the circulation far below the main pycnocline [Gade and Edwards, 1980; Mortensen et al., 2014] . The vertical structure and the residual circulation of the Saguenay are in fact far more complex than this two-layer idealization and rather consist of multiple inflowing as well as outflowing layers of various origins [Stacey and Gratton, 2001; B elanger, 2003; Bourgault et al., 2012a] . Mortensen et al. [2014] have simplified complex seasonal dynamics of subarctic fjords as a combination of four circulation modes. Based on the definitions of these modes, the Saguenay is mostly characterized by the estuarine circulation mode (driven by freshwater runoff) and by the dense coastal inflow mode (driven by density differences between coastal and fjord waters).
Early Hypotheses and Current Understanding on Renewal Origin
Drainville [1968] proposed two hypotheses for the origin of the deep Saguenay water. The first was that the bottom waters originate from St. Lawrence Estuary superficial water. His second hypothesis was that the bottom waters of the fjord may also originate from local deep winter convection as seen in arctic fjords by brine rejection [Cottier et al., 2010] . Two studies rejected the latter hypothesis [Loucks and Smith-Sinclair, 1975; Bourgault et al., 2012a] . It is now accepted that the renewal of the inner basin arises from water advected from the St. Lawrence Estuary waters mixed with Saguenay waters [Loucks and Smith-Sinclair, 1975; Therriault and Lacroix, 1975; Seibert et al., 1979; Therriault et al., 1984; Schafer et al., 1990; Baschek and Jenkins, 2009; Bourgault et al., 2012a; Xie et al., 2012] . Xie et al. [2012] used chromophoric dissolved organic matter (CDOM) as a physical tracer to find that 94% of the inner basin deep waters came from the CIL and 6% was supplied by the Saguenay River.
Based on sudden density increases measured from a temperature-salinity (T-S) probe at the bottom of the inner basin (260 m, black square in Figure 1 ), B elanger [2003] identified 12 deep renewal events between August 1998 and January 1999 with the greatest density changes occurring in December and January. Four of the deep renewals occurred during the summer, in August, and the remaining eight occurred in fall and winter. Based on his interpretation, these renewals pushed the previous resident winter waters upward and up-fjord which eventually increased the density in the entire inner basin. Deep intrusions were preceded by intrusions without sufficient density to reach the seafloor and therefore occurred at intermediate depths within the inner basin. This middepth warm layer was observed in other studies and shows a high variability in terms of thickness (40-100 m), depth (centered at 40-95 m depth) and temperature (1-48C) [Drainville, 1968; Taylor, 1975; Sundby and Loring, 1978; Seibert et al., 1979; B elanger, 2003; Bourgault et al., 2012a] .
As mentioned previously, the two major factors controlling the dynamics of deep renewal events are advection at the entrance sill and mixing rates at sills and within the fjord. Nonetheless, depending on the season, other environmental controlling factors can be important. B elanger [2003] identified wind direction as having a significant role in summer. His observations and simulations showed that the presence of northeasterly winds could prevent summer deep renewals because the wind piles up fresh water near the
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shallow sill and decelerates the outflow from the Saguenay. Moreover, the autumn-winter renewal events occurred more or less on a fortnightly cycle which suggests that they were controlled by the neap-spring tide modulation [Lavoie et al., 2000; B elanger, 2003] .
By interpreting and comparing summer and winter T-S properties, Bourgault et al. [2012a] proposed two hypotheses that would define the seasonality of the Saguenay renewals. They hypothesized that the winter temperature field is composed of a warm intermediate layer, which they called Saguenay Intermediate Water (SIW), located between 20 and 60 m, that would be the remains of a thicker and warmer summer layer. It is important to note that the SIW is initially driven by barotropic tidal exchange unlike the typical intermediate water found in deep sill fjords which is driven by baroclinic pumping above sill depth [e.g., Stigebrandt, 1990; Inall and Gillibrand, 2010; Stigebrandt, 2012; Sciascia et al., 2014; Sutherland et al., 2014; Mortensen et al., 2014] . The SIW would be formed during the previous summer from a mixture of surface fjord waters and St. Lawrence Estuary CIL water that had made its way over the shallow sill of the fjord. This layer would be displaced upward and would become partially eroded over the winter season. They further hypothesized this winter erosion to be caused by the mixing of this layer (SIW) over the sills with very cold water from the St. Lawrence Estuary. The new mixture forms the Saguenay Deep Water (SDW). This salty and very cold water would be sufficiently dense to dive and displace the resident deep waters.
As presented above, the circulation in the inner basin of the Saguenay Fjord is particularly complex and our understanding was solely based on either interpretation of T-S structure and diagrams or numerical models. To our knowledge, no measurements of currents or mixing were available to test ideas, hypotheses, and model results about the residual circulation, its seasonal evolution, and diffusion mechanisms.
Objectives
The main goal of the present work is to provide a clearer quantitative understanding of the complexity and seasonality of water renewals in this seasonally ice-covered fjord. In order to achieve this objective, we will test the two hypotheses about the seasonality of the intermediate and deep circulations [Bourgault et al., 2012a] with year-long current measurements. The secondary objective is to quantify the inner basin renewal time and diffusive mixing.
Data Sets and Methodology
A mooring (B1) was deployed in 2011-2012 to collect long-term time series of physical properties and currents in the inner basin of the Saguenay Fjord (Figure 1 ). The details of the moored instruments are presented in Table 1 . Additionally, nine hydrographic CTD surveys were made between 2010 and 2013 along the fjord (Figure 1 ) and new turbulence profiles were collected near Anse-Saint-Jean in February 2011.
Mooring
Mooring B1 was deployed in the inner basin at 48821.494 0 N 070828.128 0 W from the research vessel Coriolis II on 18 September 2011. The mooring included a series of three acoustic Doppler current profilers (ADCPs), which together provided 2 m resolution current data over most of the water column, as well as four T-S sensors (CTD) at fixed depths. All instruments sampled until the recovery date, 16 July 2012, except for the CTD moored at 250 m depth which stopped on 9 July 2012. Moreover, the shallower CTD moored at 30 m depth failed to record salinity. 
Journal of Geophysical Research: Oceans
10.1002/2015JC011085
Data quality control was completed on the ADCP data by Qu ebec-Oc ean [Guillot, 2011] . Briefly, a series of tests was carried out to flag unphysical or suspicious values of temperature, pressure, and velocity. The procedure was derived from the toolbox ADCPtools released by the U.S. Geological Survey to which additional tests were added for ADCPs mounted on mooring lines. The tests were based on expected pressure or temperature ranges and on parameters returned by the ADCPs (e.g., echo intensity, magnitude correlation, error velocity, and percentage good). The velocity coordinate system was rotated along the fjord axis (i.e., clockwise rotation of 108). The temperature, salinity, and current data were then interpolated onto a regular grid. Temporal linear interpolation (every 30 min) followed by a vertical linear interpolation (every 2 m) was chosen over triangle-based bilinear interpolation, which provided unrealistic interpolations. To highlight the low-frequency seasonal circulation, the data were low-pass filtered to remove frequencies equal to or higher than the spring-neap cycle, using a nonrecursive Hamming-window filter with a cutoff period of 15 days.
CTD Surveys
Wintertime hydrographic T-S transect data were collected by an airborne Canadian Coast Guard Bell-212 helicopter using a Sea-Bird SBE19plus, covering both the open water and ice-covered portions of the fjord and complementing summertime data obtained by boat. While the winter transects were part of a larger survey which has taken place throughout the Gulf of St. Lawrence every March since 1996 (Galbraith [2006] , updated in annual reports, e.g., Galbraith et al. [2015] ), March 2011 was the first time the survey extended into the Saguenay Fjord. The ice-free hydrographic surveys were mostly collected using a Sea-Bird SBE911-plus onboard of the research vessel Coriolis II as well as a Sea-Bird SBE19plus deployed from Canadian Department of Fisheries and Oceans (DFO) small craft boats. The October transect was collected by the Saguenay-St. Lawrence Marine Park. It should be noted that the two westernmost stations of the September transects were located in the southern arm of the fjord unlike the March transects when the stations were located in the northern arm ( Figure 1 ).
The SBE19 and SBE37 calibrations were done prior to deployment and verified postdeployment by the manufacturer. The SBE19 used for winter transects had their calibrations verified before and after deployment in a temperature-controlled bath at multiple temperatures and salinities using Autosal readings. Measurement differences were within manufacturer specifications and small relative to in situ spatial changes. Standard manufacturer preprocessing routines were applied to the data. Other tests attributed flags to doubtful data of temperature, salinity, and pressure from the SBE37 based on expected ranges and visual inspection.
Turbulence Data
A series of 45 turbulence profiles were collected under the ice cover in Anse-Saint-Jean between 8 and 10 February 2011 using a loosely tethered coastal Vertical Microstructure Profiler (VMP-500) manufactured by Rockland Scientific International. This is the same profiler that Bourgault et al.
[2012a] used 1 year earlier (on 11 February 2010) from which 15 profiles were collected at virtually the same site. Details about this instrument are presented in Bourgault et al. [2012a] and will therefore not be repeated here. For the purpose of this study and in order to increase statistical significance, the Bourgault et al.
[2012a] data set (15 profiles) and the one collected later (45 profiles) were analyzed and interpreted together as a single data set, irrespective of the year they were collected in, with the hope that it could be considered as representative of winter conditions. From this combined data set, the mean diffusivity profile K ðzÞ was computed following the Osborn [1980] method, as well as the 95% confidence intervals using the bootstrap method with 500 replicates [Efron and Gong, 1983] .
Environmental Parameters
Hourly water levels were obtained from a permanent tide gauge located at the end of the southern arm of the fjord, at Port Alfred (Fisheries and Oceans Canada, Canadian tides and water levels data archive) ( Figure  1 ). Daily averages of wind magnitude and direction were provided by a meteorological station atÎle Rouge (Environment Canada, climate-daily data report) (Figure 1 ). Daily average discharge data of the Saguenay River were provided by Rio Tinto Alcan (L. Salesse, personal communication, 2014) and monthly averages of the St. Lawrence discharge were obtained from Galbraith et al. [2015] . 
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Results
Hydrographic Observations
The water column circulation and T-S properties exhibit complex vertical structures evolving from monthly to seasonal timescales . While it is difficult to observe any patterns in the salinity fields of the inner basin other than the interannual variability ( Figures 3 and 4) , the temperature structure varies greatly over seasons with the surface layer being warm in summer (T 108C) and close to freezing point in winter (minimum observed of 08C) while the rest of the water column exhibits a more complex multilayer structure in the 0-48C temperature range (Figures 2 and 4) . The summer temperature fields (July-September) feature a relatively warm middepth SIW layer in every transect (Figure 2 ). This layer varied in thickness (from 120 to 200 m), in depth (centered from 100 to 160 m) and in temperature (max from 2 to 48C), showing large interannual and intraannual variability (Figure 2 ).
In September 2011, as it will be shown later in the mooring time series, the residual current velocities show fast intermediate and deep renewals occurring simultaneously (12 and 11 cm s 21 , respectively), both fast enough to be classified as strong renewal events (juj > j uj 1 2r 5 cm s 21 , where u is the renewal event (Figure 4) . Indeed, because the outer basin was stratified in salinity (Figure 4) , the homogeneous temperature in the outer basin cannot be explained by turbulences associated with sill processes and can only be the result of waters as cold as those intruding the subsurface, but denser, renewing the bottom of the outer basin.
In all three winter transects, a warm water mass (2.58C) was found at the head of the fjord, from about 10 m depth to 50-75 m depth depending on the year (Figure 4 ). In summer, however, this pocket is occupied by the coldest waters within the fjord (Figure 2 ), which at 1.58C are even colder than the 2.58C temperature found in winter.
Mooring Observations
An unexpected feature is the important and sudden shift that occurred in the circulation regime in midFebruary 2012 (Figure 6 , #4). The shift was characterized by a change in the depth at which the overall renewal pattern occurred, thus implying that the salinity of the intrusions had changed. From the end of September to mid-February, the inflows from the St. Lawrence filled the bottom 150 m of the basin and the compensating return current flowed between 15 and 100 m depth. From 18 February to mid-July, the intrusions appeared mostly from the thermohalocline to about 90 m. The regime shift also coincides with a salinity decrease and a temperature increase below 75 m depth (Figures 5e and 5f ).
From September 2011 to mid-February 2012, three strong renewal events (juj > 5 cm s 21 ) occurred in the deepest part of the inner basin ( Figure 6 , #1a-1c, inflow speed of 11, 9, and 7 cm s 21 , respectively). The first one lasted at least 19 days, renewed the intermediate water as well (Figure 6, #2a) and brought in warmer (DT 5 0.68C) and saltier (DS 5 0.6) water (Figures 5e and 5f ). The other two strong deep events lasted, respectively, 12 and 18 days and brought in colder (DT 5 20.48C and DT 5 20.68C, respectively) and saltier (DS 5 0.3 and DS 5 0.4) water (Figures 5e and 5f ). Furthermore, the isotherms and isohalines of Figure  5 show that the three deep water renewals affected nearly the entire water column (up to 50 m depth). Within 2-4 weeks, it is likely that the resident water was uplifted by the denser deep renewals until it reached the return current to find its way out. For example, the water mass that renewed the bottom of the inner basin in late November (Figure 6 , #1b) was a water mass characterized by a temperature of 2.5-2.98C and a salinity of 29.9-30.1 (Figures 5e and 5f ). The same T-S properties were seen about 4 weeks later flowing outward at 75 m depth (Figures 5 and 6, #5a) . During the three deep water renewal events, the return current appeared to be stronger and thicker (Figure 6 ).
Additionally, six strong shallow subsurface renewal events, just underneath the pycnocline, were seen during the sampling period. One occurred in late October 2011 (Figure 6 , #3a, inflow speed of 7.5 cm s 21 ) and the others occurred from March to July 2012 ( Figure 6 , #3b-3f, inflow speed of 6.0, 10.5, 9.0, 11.0, and 8.5 cm s
21
, respectively). The subsurface renewal that occurred in March 2012 (Figure 6 , #3b) is also seen in the hydrographic transect (Figure 4 ). In the same way that the isotherms and isohalines show the displacement of water associated with deep renewals, they also show that the subsurface renewals have displaced the resident water downward, replacing the first 100 m of the water column (Figure 6, #6a-6c ). When intermediate events occurred, return currents were formed above the inflows.
The three different intrusion types are illustrated in Figure 7 , each curve corresponding to an average of the velocities over the periods they occurred. The winter regime I corresponds to deep renewals (SDW), winter regime II to subsurface ones (SSW), and summer regime to intermediate renewals (SIW).
A typical renewal event can travel through the entire inner basin in less than 2 weeks while displacing the resident water toward the return current, renewing part of the inner basin. Based on the isotherms and isohalines, this displacement process could take an additional 2-4 weeks depending on the speed of the inflows (e.g., from box 1b to 5a, 1c to 5b, 3c to 6a, 3d to 6b, and 3e to 6c in Figure  6 ). The deep events have the potential to fully renew the inner basin in about 1-1.5 months at the mooring position. The isotherms and isohalines show that the inner basin was renewed entirely 3 times in fall and early winter 2012 but not the rest of the year (Figures 5e and 5f ). In spring, the bottom part of the basin shows a decrease in salinity (Figure 5f ), implying that vertical diffusive processes were active and that the deep water was not renewed until at least the end of the following summer (6 months later). Stratification also increases during the summer in the bottom layer. The subsurface events would only renew the water on the top 100 m of the water column and depending on the strength of the event, the intermediate events can renew almost the entire basin except for the denser water found at the bottom. order of magnitude). An independent estimate of the horizontally averaged values of the vertical eddy diffusivity (K b ) was then calculated using the budget method [Stigebrandt and Aure, 1989; Stigebrandt, 2012] , 
Turbulence Observations
K b 5 1 A 0 @S @z ð z0 2H @S @t A dz;(1)
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where H is the total depth, z 0 is a reference level, A is the horizontal cross-section area at depth z and A 0 the area at depth z 0 both following the hypsographic function of the inner basin shown in Figure 8 , @S @z was approximated by taking the salinity difference between measurements at depth z 0 and H from a profile in the inner basin of the Saguenay in March 2011, and @S @t was approximated by taking the salinity difference between measurements in March and July 2011 at depth z. This method can only be used in period of stagnation as it excludes advection fluxes. As the Saguenay is never stagnant over the entire water column, the calculation was made below the middepth density-driven inflow (i.e., z 0 2200 m) between hydrographic observations of March 2011 and July 2011, yielding a depth-averaged value of K b 3310 24 m 2 s 21 for all depths below 200 m (Figure 8 ). The implication of these results for deep water renewals will be further discussed in section 4.3.
Discussion
Circulation Dynamics and Renewal Time
As observed in all our transects, the summertime water temperatures are lowest, while the wintertime water temperatures are highest, in a pocket located at the head of the fjord just underneath the main pycnocline and down to about 100 m (Figures 2 and 4) . Because summer temperature minima are always lower than the winter maxima, it is deduced that this pocket of water does not contain the same water mass all year round. Our interpretation is that the cold pocket of water found there in summer corresponds to the cold subsurface water (SSW) of the previous winter, trapped by new input of intermediate water (SIW). There is no indication that this pocket of water resulted from deep water displaced upward, because at mooring B1, during the uplift-favorable period prior to mid-February, waters colder than 1.58C were only observed (Figure 5e ). However, in winter, this region of the fjord is actually occupied by water showing a maximum of temperature and, as presented by Bourgault et al. [2012a] , it is probably the SIW residual formed during summer, eroded over fall and winter and displaced upward by the arrival of denser deep water. Because there are indications that this pocket of water corresponds to water from previous seasons, the estimated renewal time of the region would be a maximum of 6 months as it would be renewed at least twice a year. Loucks and Smith-Sinclair [1975] estimated an inner basin residence time of 2-6 months. This time scale is consistent with our observations that imply a renewal time at the mooring position of between 1 and 6 months.
One new result is the sudden seasonal shift in the circulation regime observed in mid-February, accompanied by a change in the temperature and salinity trends (Figures 5e and 5f ). We suggest that this regime shift is controlled by the seasonal cycle of salinity of the St. Lawrence Estuary waters present near the fjord entrance sill, which dictates the intrusion depths into the fjord. Unfortunately, there are no observation available at the sill during our sampling period, but two temporal T-S series were collected on the sill in 1998-1999 and in 2002-2003 (Figures 1 and 9) . The salinity at the sill increased continually during fall until it reached a maximum sometime in winter. The water mass properties associated with these maximums found in January 1999 (T 5 3.488C and S 5 33.8, Figure 9 ) and in February and March 2003 (T 5 3.588C and S 5 33.67, Figure 9 ) are characteristic of Gulf of St. Lawrence deep waters advected into the Gulf from the continental slope. Indeed, water with the same T-S properties was found in the Gulf of St. Lawrence, or in the Estuary, in March of the respective years at 175 and 116 m depth, respectively (DFO T-S profiles from the March helicopter-based survey).
The mechanism behind the salinity seasonal cycle of the St. Lawrence could be related to the lowfrequency modulation of the St. Lawrence estuarine circulation. In autumn and early winter, the CIL is eroded and mixed with the surface layer leading to a two-layer estuarine circulation (Figure 10 , left) rather than in a three-layer circulation that characterizes summer conditions (Figure 10 , right) [Saucier et al., 2009] . As strong westerly wind forcing pushes the Estuary surface layer toward the Gulf, it promotes, by continuity, the inland advection of deep, salty and relatively warm waters [Smith et al., 2006] . Deep isotherms and isohalines would then rise in the Estuary, and deeper denser waters become available for fjord renewals, promoting deep inner basin renewals.
In winter or early spring, when the advection of the Gulf surface mixed layer intensifies toward the head of the Estuary (as seen as a cold intermediate layer at 100 km from the sill in Figure 10 , left), the upstream estuarine circulation decreases in the deep layer and increases in the intermediate layer [Smith et al., 2006; Saucier et al., 2009] . The isohalines then sink and the water present at the fjord sill becomes fresher and colder ( Figure 9 ). A T-S diagram from February 1999 shows that the coldest waters present at the sill had the lowest densities (Figure 11 ). These could explain subsurface renewals observed from the circulation shift until summer. 
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There is a high interannual variability in the salinity seasonal cycle of water present at the sill. In 1999, the maximum salinity occurred in early January, while in 2003 it occurred in March (discounting a brief spike in late January) (Figure 9 ). The variability of winter water masses in proximity to the sill at depths shallower than 100 m is also documented by the Figure 12 ), which suggests that the shift then occurred later than March.
Shorter time scale salinity variations also occurred throughout the mooring record (Figure 5d ). Changes in the sign of the temporal salinity gradient coincide with changes in the intrusion depth in the inner basin whereby increasing salinity coincides with later deeper intrusions (Figures 5d and 5f ). For example, the two middepth renewals of May and July ( Figure 6 , #2b and 2c) were associated with an increase in salinity, while the isolated subsurface renewal of October (Figure 6 , #3a) was associated with a decrease in salinity ( Figure  5f ). On even smaller time scales, the salinity of the waters present at the sill can vary by 2-4 within a single semidiurnal cycle, with maximum salinity and maximum temperature present around high tide (Figure 9 ).
The salinity difference between tidal phases is sufficient to considerably change the depth of intrusions. This high salinity variation may explain why both subsurface and deep cold water renewals were observed in March 2012 and 2013 in the outer basin (Figure 4 ). B elanger [2003] suggested there was a connection between episodes of north-east wind and the absence of deep summer renewals in the inner basin. Unfortunately, there were no current and density observations directly at the sill during the mooring period to investigate if such a correlation could be detected with wind observations atÎle Rouge (wind observations not shown). The mooring was 70 km away from the sill and the distance introduces important time lags between the advection over the sill and the readings at the mooring position. Furthermore, the period when There are slight indications that occurrences of the strong renewal events, seen in fall and winter, are controlled by the neap-spring and monthly tidal modulation, which would be consistent with the findings of B elanger [2003] . The periods between the beginnings of two consecutive strong events (29.7 and 30.4 days) roughly correspond to two fortnightly cycles (Figures 5c and 5e) . In Puget Sound, Washington, deep renewals are associated with neap tides as the turbulence at the sill is too strong during spring tides to permit dense renewals [Geyer and Cannon, 1982] . It is difficult to know if it is the case in the Saguenay as, once again, there are no observations directly at the sill. During spring and summer, in the Saguenay, the timings of consecutive renewal events were irregularly spaced (21.6, 29.7, 40.2, and 22.6 days) and no controlling factors, in terms of renewal event frequency, have been identified for this period.
Environmental Factors
The monthly St. Lawrence runoff may also have an impact on renewal depths. For example, the runoff was slightly higher in October 2011 (12,000 m 3 s 21 ) than in September and November of the same year (11,300
and 10,200 m 3 s 21 , respectively) ( Figure 5a ). This may have lowered the inflowing water density and induced the shallower renewal observed in October (Figure 6 , #3a). The interpretation of the St. Lawrence discharge influence has to be taken lightly as the monthly averages hide higher frequency variations. The Saguenay runoff variation does not seem to explain any variations in the fjord circulation (Figure 5b ).
Turbulent Mixing
Although the turbulence measurements presented in Figure 8 are rather sparse and the budget method calculations were not made during a stagnation period for the entire water column, several remarks are worth mentioning regarding the role that turbulent mixing may play for deep water renewals. Our yearlong moored observations, multiseasons CTD transects and observations of well-oxygenated deep waters [Drainville, 1968; Taylor, 1975; Therriault and Lacroix, 1975] indicate that major replacements of deep water occur on at least an annual basis. As mentioned earlier, a summer or fall deep renewal event can really only occur if the deep water mass from the previous winter has had its density sufficiently lowered by vertical mixing to allow new dense water to intrude underneath. In the Saguenay, the deep diffusivity (50 m) (10 24 m 2 s 21 ) is quite large especially as the measurement took place away from the sills and seabed (i.e., not driven by boundary mixing) (Figure 8 ). It is higher by about an order of magnitude than in the adjacent St. Lawrence Estuary at comparable depths [Cyr et al., 2011; Bourgault et al., 2012b] .
These remarks naturally raise the question about the cause of such large deep turbulent mixing in the Saguenay Fjord. The presence of sea ice in winter, hindering wind-induced mixing, excludes the atmosphere as a turbulence source in February and may explain why the deep diffusivity is larger than in the surface layer (Figure 8 ). The tides are often the main source of energy for mixing and circulation in basin waters [Gade and Edwards, 1980] . The tidal energy can be extracted as friction against boundaries, baroclinic wave drag, tidal jets, and high-frequency internal waves [Fer and Widell, 2007] . Based on the Stigebrandt and Aure [1989] method, the densimetric Froude number (F d ) can be used to theoretically differentiate fjords that have internal wave generation (F d < 1) from the ones generating tidal jets (F d > 1),
where a is the amplitude of the tidal speed defined as a5a f x A f
Bm ðHt 1 H b Þ , where a f is the tide amplitude, x the frequency, A f the horizontal surface area of the fjord, B m the width of the mouth, H t the sill depth, and H b the basin depth (from sill depth to basin depth). c i is the internal wave speed in a two-layer system defined as c i 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi g
, where g is the acceleration of gravity, Dq the difference between density below and above sill depth, and q 0 the reference density. All numbers used in this calculation are listed in Table 2 . The Saguenay Fjord is in supercritical (jet-type) condition at its first shallow sill through all of the tidal cycle with F d 13. The barotropic flow speed over the sill is then greater than the phase speed of internal tides in the basin. The sill area is characterized by strong turbulence and internal waves should not be able to propagate in the basin [Stigebrandt, 1976] . In order to compare with other fjords, the total energy flux across the entrance sill (56 MW from the simulations of Stacey and Gratton [2001] ) is normalized by the horizontal surface area of the fjord at sill depth (A t in [Stigebrandt and Aure, 1989; Stigebrandt, 2012] . This differentiates the Saguenay Fjord from those that connect directly to the coastal ocean, as the large tides in the Estuary are driving the jet conditions observed over the first sill. However, the jet is primarily an energy source of near-sill mixing [Inall and Gillibrand, 2010] and would contribute mostly to mixing in the outer basin. The dynamics of the inner basin are very different and less energetic. By considering the inner basin as an independent system, we get F d 0.5 over the inner sill (115 m depth), meaning that internal waves may be generated and that part of the energy may be transferred to the inner basin water, contributing to the large vertical mixing.
Internal Wave Mixing
Under the assumption that breaking internal waves provide the main source of turbulence within the lower layers of sill fjords [Stigebrandt, 1976] , it has been argued that turbulent diffusivity could be parameterized as being inversely proportional to some power of the buoyancy frequency [Gargett and Holloway, 1984; de Young and Pond, 1988; Stigebrandt and Aure, 1989] , that is,
where a is a constant of proportionality, which may differ from one fjord to another, and N 0 51 s 21 is intro- Pond, 1988; Stigebrandt and Aure, 1989; Stigebrandt and Kal en, 2013] .
In their laterally integrated model of the Saguenay Fjord, Stacey and Gratton [2001] used a parameterization of turbulent diffusion based on the Mellor and Yamada [1982] level 2.5 turbulence closure scheme. However, and as discussed in greater details in Stacey et al. [1995] , they further complemented their turbulence model with the parameterization above (equation (3)) in order to fix a lower bound on turbulent diffusivity. This lower bound is assumed to be the minimum background diffusion caused by unresolved breaking internal waves. Such processes are not taken into account in the Mellor-Yamada formulation. Accordingly, Stacey and Gratton [2001] , as in Stacey et al. [1995] , set the minimum diffusivity to
with a53:1310 28 m 2 s 21 and b521:5.
The result of this parameterization is shown as the blue curve in Figure 8 . Qualitatively, the comparison with the measurements suggests that the K / N 21:5 dependency adopted by Stacey and Gratton [2001] may be appropriate although this parameterization alone, with their chosen value for a, underestimates the observed deep diffusivity by roughly an order of magnitude. However, it must be kept in mind that Stacey and Gratton [2001] used this parameterization only as a lower bound and, as such, there is no indication here that this may not be appropriate. A more meaningful comparison would have been to compare the measurements with the total modeled diffusivity, i.e., the sum of the Mellor-Yamada contribution and the internal wave parameterization, but this information is not provided in Stacey and Gratton [2001] .
A least squares fit of equation (3) 
Other Hypotheses on Mixing
Given the narrowness of the fjord, narrower than the internal Rossby radius, another possible source of turbulence is the lateral friction with the rough sidewall cliffs. The formation of surface eddies accompanied by vertical shear velocities has been observed in the Saguenay and might also be present deeper in the water column, causing vertical mixing.
The increase of mixing by entrainment is not to be neglected as the Saguenay is never totally stagnant and intrusions at different depth contribute to mixing. However, Seibert et al. [1979] found that the kinetic energy of friction and entrainment of dense plumes in the outer basin of the Saguenay is not sufficient to explain the high renewal rates observed in the outer basin and tidal processes are necessary to carry energy into the deep basins.
The Saguenay in a Broader Context
Deep waters of the Saguenay seem to be renewed at a rate significantly higher than other sill fjords (e.g., Loch Etive, Scotland [Edwards and Edelsten, 1977] , Bonnefjord (part of Oslofjord), Norway [Gade, 1970; Stigebrandt, 2012] , Hardangerfjord, Sognefjord, and other west coast Norwegian fjords [Gade, 1973] ). The eddy diffusivity of the Saguenay is in fact larger than diffusivities observed in many other places but can still be comparable to some fjords with rough topography and large forcing (Table 3) . The large tidal forcing, a distinguishing feature of the Saguenay Fjord, and the presence of the three sills definitely contribute to the large mixing rates which makes deep renewals possible every year.
Conclusion
Our results support the hypotheses of Bourgault et al. [2012a] concerning the timing and origin of the deep (winter) and intermediate (summer) renewals. However, the occurrence of a sudden circulation shift in winter and the presence of subsurface renewals are new contributions to the understanding of the renewal dynamics in the Saguenay Fjord.
Little was known about the factors that control the deep water inflows. This study provides new supporting evidence, that the complexity of the fjord renewals and inner circulation is dependent on the St. Lawrence Estuary dynamics. The Saguenay Fjord renewal mechanisms are distinct from most other fjord because of its being connected to an Estuary with large tides rather than directly to the coastal ocean. It can be concluded that while St. Lawrence runoff rate may contribute to variation of density at the sill, it is the combination of both tidal range and St. Lawrence estuarine circulation seasonal variation that are the more important mechanisms. The effects of wind forcing [B elanger, 2003] on the circulation and renewal events were however not fully addressed and should be investigated further.
The mechanisms driving vertical mixing in the Saguenay inner basin are not yet clearly identified and understood but the significant relationship found between the turbulent diffusivity and the buoyancy frequency points in the direction of internal waves. New field measurements and process-oriented numerical studies are required to better understand the role of bottom and side friction, horizontal eddies, internal tides, and sill processes in mixing the deep water. A relevant and feasible field experiment could be to sample turbulence profiles at a site closer to the sills region over the tidal cycle and at various phases of the spring-neap cycle.
The main results of this study, on the seasonal variability of water renewals and circulation, are summarized in Figure 13 . The first part represents the deep renewals (SDW) occurring in fall and early winter. It is suggested that such dense water inflows displace the resident intermediate waters (SIW) upward, toward the return current. This mechanism may explain the warm pocket of water found at the head of the fjord in winter. Then, in the middle of winter, an abrupt change occurs in salinity at the sill, forcing a shift of the renewal circulation pattern whereby inflowing waters start to renew the inner basin at subsurface depths (SSW). 
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These intrusions may displace the resident waters downward, replacing the first 100 m of the water column ( Figure 13 ). Finally, in summer, intermediate renewals (SIW) start to occur, bringing warmer waters inside the inner basin, and probably trapping the cold water from subsurface renewals (SSW) at the head of the fjord ( Figure 13) . As large mixing acts to decrease deep water density, these three renewal types can occur every year according to the St. Lawrence seasonal circulation showing an interannual variability in regard to their beginning time and duration.
